A prototype of radio frequency (RF) heating system of 27 MHz was developed to control rice weevil contamination in milled rice. The insects at all growth stages were completely eliminated at temperature of 50 and 55 ºC in all times of exposure. In addition, the heating treatment decreased significantly grain moisture content. Rice Physical quality: the color of treated rice at 50 ºC for 0 and 3 min showed no significantly differences. Therefore, this prototype can eliminate completely the rice weevils while maintaining the rice quality in terms of color, cooking qualities and minimal changes in flour viscosity analysis.
Introduction
The growing concern about food safety has led to the greater attention on food storage management and minimization of chemical residues in food as unhygienic food might be a cause of illness and diseases ranging from mild to chronic conditions in human and even be deadly. Presently, there exist many control measures for preserving the quality of paddy rice. However, the simple, convenient, and not-too-costly alternative at present remains the popularly used fumigation method for insect control on stored rice. There is also a tendency that all chemicals in the future will be banned for use in foodstuffs. Consequently, the present research is conducted with the aim to determine a safe and effective method for insect control in rice storage and quality maintenance of stored rice, on the premise that this area of investigation is crucial and useful for economy in general and the rice sector in particular if a solution can be found to minimize rice production cost and enhance food safety for consumers.
Radio frequency (RF) is a rate of oscillation in the range of 3 kHz to 300 GHz, which corresponds to the frequency of radio waves. RF heating is the process in which a high-frequency alternating electric field, electromagnetic radiation heats a dielectric material. In generating thermal energy, the heating is caused by molecular dipole rotation within the dielectric. RF dielectric heating at intermediate frequencies, due to its greater penetration over microwave heating, shows greater promise than microwave systems as a method of very rapidly, uniformly heating and also killing parasites and pests in certain harvested crops (Piyasena et al. 2003) . Therefore, the technique can be apply to stored grain insect pest disinfestation , organic material like insect contains high moisture, shows high dielectric loss factors, heat can be transferred rapidly under electromagnetic field. When the energy is absorbed, the heat is generated rapidly in insect. Nelson (1996) found that many kinds of insects, which destroy the agricultural products, could be controlled by RF application with the short period of exposure time without demolishing the quality. In general, the successful temperatures to control the pests through RF are 40-90°C depending on the properties of the product, insect characteristics and the frequencies of the wave. The RF heat treatment varies its results in the individual insect species and the growth stage due to peculiarity of species, which perform phenotype as biological or physiological or body composition of each unusual insect. Many researchers have involved the influence of heat in insect metabolism and they demonstrated concomitant increase in both metabolism and respiration up to a critical thermal limit as well as heat affect on nervous and endocrine system (Neven 2000) and mortality ultimately.
The main purpose of this investigation is to develop alternative method in controlling insect to reduce the use of chemical pesticides. Therefore, a prototype RF heat system, which consists of the wave generator, reflected energy (reflected power) controller, temperature controller is designed and developed. The effective systems to ensure minimal energy use, such as a heat recovery ventilation system, which result on saving energy costs and reduce the power of RF generator, are concerned. Therefore, the system is a new alternative application approached and promoted an environmental friendly and safety for consumer.
Materials and methods

RF heating system prototype
The prototype of RF heating system was developed. The system consists of a RF generator which the highvoltage generator was applied to the electrodes (flat type) of the accelerating system and generates high-frequency an electric field at the frequency of 27 MHz as well as it can be tuned for capacity of 15 KW by RF power amplifier. The system was connected to the heating chamber to warm the rice and the moisture was drained and heat air was recycling used (Figure 1 ). The rice material was conveyed through a vertical pipe made from electromagnetic resistance materials and loaded to the applicator consisted of a pair of parallel plate by continuous process. The system is computerized controlled. The temperature was controlled and recorded by placing thermocouple sensors using fiber optic 12 points for monitoring heat distribution according to PID Control of temperature. (Fig.1) Fig. 1 . Schematic view of 15 KW, 27.12 MHz unit with vertical operating and RF heating system for controlling rice weevil in milled rice
Mass rearing insect
Sitophillus oryzae (L.) was obtained from Entomology division's laboratory, Faculty of Agriculture, Chiang Mai University. Three hundred of unsexed rice weevils, 10 to 20 old days, were transferred to 400 g milled rice in 500 ml glass bottle that covered with filter paper. The parent weevils were transferred to new oviposit bottles every 5 days. They were allowed to lay eggs for one 5 days. The weevils were incubated at 27±2ºC, 65±5% R.H. All stage of insects used in the experiment were egg, larvae, pupae and adult and the age were 5, 20, 30 and 40 days, respectively.
Experiment
The efficiency of RF heating system in the control of rice weevils in milled rice is to be determined. Then, the performance of RF heat system to eliminate rice weevil in age of egg, larval and pupa was tested for their mortality. Factorial in CRD was designed in the experiment while the first factor is the temperature of 50 and 55 ºC and the second factor was exposure time of 0, 1, 3 and 5 minutes, compared with to the control (non-treated rice), the three experimental data were analyzed for variance to compare the differences. Efficacy of RF heat system on elimination of rice weevil contaminated in milled-rice was evaluated for their mortality. The treated rice which passed through its frequency was tested for quality, moisture content and color of the grain. Cooking qualities as stability of cooked flour, elongation, gel consistency, viscosity of the starch were also determined by the following measures: percentage insect mortality after exposure to RF according to Abbott's formula (Abbott 1925) , moisture content of milled rice (ISTA 1999) , color, and cooking quality in terms of gel consistency (Cagampang et al. 1973) , elongation of cooked rice (Juliano and Pezer 1984) , and viscosity changes in cooked starch.
Results and discussions
Percentage mortality of insects after exposure to RF
After the milled rice samples infested by rice weevils at various growth stages were exposed to RF at different temperature levels, the insects at all growth stages from egg, lava, pupa, to adult were found to have complete (100%) mortality (Table 1 ). The results demonstrate that there are no differences among the disinfestation treatments on milled rice by exposure to RF from room temperature to target temperature levels (50 or 55 0 C) at 0, 1, 3, and 5 min exposure times, as all rice weevils could be completely eliminated. Wang et al. (2002) concluded that RF thermal energy is produced by the internal interactions between wavelength energy and dielectric properties which are the basic properties of water. Such interactions result in the unsystematic movement of water molecules which consequently creates heat in any materials that contain water. A study by Cwiklinski and von Höersten (1999) confirmed RF could generate high thermal energy in materials comprising water as an element. von Höersten (2007) undertook a comparative study on the use of RF and hot air oven for the control of rice weevils and found that RF heat treatment was relatively more efficient in terms of using lower temperature and lesser time for eradicating adult rice weevils. Luechai (2008) conducted an investigation on the use of RF as heat treatment for controlling rice moth and the treatment effects on the quality of milled Khao Dok Mali 105 rice and found that the milled rice with the presence of rice moth when exposed to RF at 60 0 C for 3 minutes, a treatment using high temperature and short time interval, became free from the living insects while its quality in terms of 2-actyl-1-pyrroline content remained quite stable. Janhang et al. (2005) reported their use of RF heat treatment at temperature higher than 70 0 C, or 75 0 C for 3 minutes, could eliminate lesser grain borers in Khao Dok Mali 105 grain seeds. Similarly, Vassanacharoen et al. (2007) experimented on the use of 27.12 MHz RF at temperature above 52 0 C for 1 minute or of 50 0 C for less than 10 minutes to control rice weevils which resulted in the complete mortality of adult insects. 
Quality of milled rice after exposure to RF
Moisture content of milled rice before and after exposure to RF (Table 2 ) was determined by oven drying method (ISTA 1999) . Before RF heating (control treatment), the initial moisture content of milled rice was 15.76 %. After exposing to RF at temperature of 50 0 C for 0, and 1 minute, milled rice lost its moisture content significantly to the level of 15.11 and 11.77%, respectively although the decreases were not statistically different between the two exposure times which resulted in the decrease in moisture content by 0.33 and 0.65%, respectively. However, the exposure time at 55 0 C has statistically significant effect as RF heating for 0 and 1 minute could reduce moisture content in milled rice most minimally to 14.22 -14.48% or the reduction by 1.54 -1.28%, respectively. The next most effective treatments were the use of RF at 55 0 C for 5 and 3 minutes which reduced the moisture content to 14.61 -15.16% or the decrease by 1.15 -0.6%, respectively. In the present experiment, milled rice before exposing to RF (control treatment) had 15.76% initial moisture content. It was found that heating by RF from room temperature to target temperature for 0 minute and 50 0 C for 0 and 1 minute lowered the moisture content significantly (to 15.11 and 14.77% respectively) with the decrease by 0.33 and 0.65%, respectively. Meanwhile, the use of RF at 55 0 C at different exposure times namely for 0 and 1 minute could reduce moisture content statistically significant to the lowest levels at 14.22 -14.48%, or the reduction by 1.54 -1.28%, respectively. Moisture loss occurred when rice with 15.76% moisture content was placed in an electromagnetic field of RF machine and its water molecules were forced to re-orient rapidly depending on the frequency of electromagnetic wave in action. In the case of RF, the electric charge will move about 3 -300 million times per second and such a rapid movement gives rise to internal friction and consequently the thermal energy within 2 -3 seconds or about 1 minute after the material has received electronic waves. The thermal effect in water molecules will be dissipated constantly to other parts of the material through heat conductivity process and this will cause moisture loss from the treated material like rice bran (Tang et al. 2000; Birla et al. 2004; Wang et al. 2003 ). Prior to the above studies, Wanitchang and Wanitchang (1995) found from their experiment that drying rice grain at high temperature could reduce moisture content more rapidly and achieve lower level of final moisture in rice grain compared to the lower temperature alternative. Similarly, Janhang et al. (2005) found that the use of 27.12 MHz RF at 85 0 C for 3 minutes could reduce the moisture content of the treated rice grain by 9.3% to the lowest possible level. Luechai (2008) , Theanjumpol et al. (2007) also reported the consonant finding that RF heating at 90 0 C for 3 minutes reduced the moisture content of the treated rice grain to the minimum level.
The evaluation of physical quality was performed by color measurement in L*, a*, and b* units with the results presented in Table 2 . The brightness (L*) of untreated milled rice had the value of 71.86. After exposing to RF heating at 50 0 C for 0 and 3 minutes, the brightness of milled rice appeared almost unchanged with the values of 73.66 and 75.26, respectively; however, the 5-minute exposure time resulted in a significantly lesser brightness. The brightness of milled rice was also weakened significantly by the RF treatment at 55 0 C for 0, 1, 3, and 5 minutes with no significant differences among the exposure times. The redness (a*) value of treated milled rice was measured to be negative as there was no observable change in rice color into red or dark red shade. Meanwhile the yellowness (b*) values of milled rice before and after exposure to RF were not different, indicating the treated rice did not become more yellowish. 11.6 1/ Means followed by the same letters within a column are not significantly difference at 95% level 2/ ns = non-significant 3/ nd = not-detect
Cooking quality
Consistency of cooked starch or gel is a function of gelatinization and retrogradation properties which differ from one to another material and which result in different degrees of hardness or softness in the present case of the cooked milled rice when cooled. Gel consistency of rice can be measured for characterization of cooked rice quality after the cold gel held horizontally in three natures: hard gel consistency if the cooked rice starch length for 26 -40 mm., medium gel consistency in the case of 41 -60 mm. and soft gel consistency in the case of 61 -100 mm. Table 4 shows the results from the analysis on gel consistency of milled rice before and after exposure to RF heat treatments at various temperatures and times. Untreated rice (control treatment) appeared to have soft gel consistency as the cooked starch travelled for the distance of 71.6 mm. and when cooked it will have the texture softer than that of rice having harder gel consistency. The exposure to RF at 50 0 C for 0, 1, and 3 minutes made the cooking quality of treated rice not different from that of the untreated as the cooked starch travelled in the soft gel consistency range of 71 -81.9 mm., but the 5 minute exposure time caused the gel consistency to be medium in character as the cooked starch travelled for 59 mm. Similarly the exposure to RF at 55 0 C for 0, 1, and 3 minutes resulted in the cooking quality not different from the case of 50 0 C for the cooked starch moved for 73.3 -77.3 mm. distance, while the 55 0 C for 5 minute treatment gave a result comparable to that of 50 0 C for 5 minutes. The results (Table 3 ) indicated the elongation of cooked rice which was subjected to RF treatment at 50 0 C for 0, 1, and 3 minutes was not statistically different from that of the untreated rice. Meanwhile RF treatment at 50 0 C for 3 and 5 minutes were not statistically different from those of 55 0 C for the same two exposure times. The elongation ratio of rice measures the proportion between the length of cooked rice and that of rice grain. The higher the value, the greater the volume expansion during cooking and hence the more tender the cooked rice. On the contrary, rice with low elongation ratio when cooked will get relatively small volume and become wet and sticky into lump (Juliano and Perez 1984) . The tests on viscosity provided the results as shown in Table 4 . The cooked untreated rice starch was found to have pasting temperature at 75.18 0 C, and maximum viscosity during heating or peak viscosity value of 287.94 RVU which are not different from the properties of rice exposed to RF at 50 0 C for 0 and 1 minute (304.26 and 287.34 RVU, respectively). In the case of treated rice, the exposure to RF at all levels of temperature had no effect on pasting temperature but the exposure at 50 0 C for 3 and 5 minutes increased the values of peak viscosity (to 310.38 and 334.3 RVU, respectively). Similarly, the exposure to RF treatments at 55 0 C for 0, 1, 3, and 5 minutes resulted in significantly higher readings of peak viscosity (311.27 -339.37 RVU) compared to the untreated rice.
The breakdown value of untreated rice was 105.88 RVU not statistically different from those of RF treated rice at 50 0 C for 0 and 1 minute, but lower than the treatments at this temperature for 3 and 5 minutes as well as the treatments at 55 0 C for 0, 1, and 5 minutes which were measured at 121.97 -134.21 RVU range due to greater resistance of starch to high temperatures. In addition, the treatments at 55 0 C for all exposure times had higher final viscosity values (336.21 -346.16 RVU) than that of the untreated rice (311.75 RVU) and those of rice exposed to RF at 50 0 C for 0 and 1 minute (316.94 and 322.39 RVU, respectively). Final viscosity is the parameter for describing the final characteristic of the product namely gel or cooked rice starch in the present case. The relatively high final viscosity value of rice exposed to RF treatment indicates the gel of RF rice will be harder compared to that of untreated rice.
The setback value is associated with the retrogradation property of cooked rice starch or gel when cooled. The present experiment found the untreated rice to have the setback value at 129.69 RVU which is not different from that of rice treated with RF at 50 0 C for 0 minute. However, the treatment at this temperature for 1, 3, and 5 minutes resulted in statistically higher setback values. Similarly, rice exposed to RF treatments at 55 0 C for 0, 1, 3, and 5 minutes appeared to have the setback value increased with the exposure time in general (136.2, 138.32 and 142.72 RVU, respectively) except for the treatment for 5 minutes which resulted in a drop in the setback value. ns = non-significant Pasting temperature is the temperature at which cooked starch begins to thicken or when the starch-water mixture begins to get cooked. Peak viscosity is the maximum viscosity during heating. Breakdown is the difference between minimum viscosity and maximum viscosity. Final viscosity is the final value of viscosity of the experiment. Setback from trough is the difference between final viscosity and minimum viscosity measured in RVU
The test on the changes in viscosity properties of untreated and RF treated rice revealed no statistically significant difference. In untreated rice, the pasting temperature was 75.18 0 C and the peak viscosity value was 287.94 RVU not statistically different from the properties of rice exposed to RF at 50 0 C for 0 and 1 minute. Specifically in RF treated rice, all temperatures and exposure times appeared to have no effect on pasting temperature; but at 50 0 C the 3 and 5 minute exposure times resulted in the increase in peak viscosity values (310.38 and 334.3, respectively) . Similarly, the exposure to RF at 55 0 C for 0, 1, 3, and 5 minutes showed that peak viscosity value increased with the increase in temperature (311.27-339.37 RVU) and all these values are statistically significantly greater than the peak viscosity of untreated rice. The breakdown value of untreated rice was found to be 105.88 RVU which was not different from those of rice exposed to RF at 50 0 C for 0 and 1 minute but lower than the cases of exposure at this temperature for 3 and 5 minutes as well as exposure at 55 0 C for 0, 1, and 5 minutes (121.97 -134.21 RVU) as cooked rice starch can resist viscosity better at higher temperature. The 55 0 C for 0, 1, and 5 minutes treatments also had higher final viscosity values (336.21 -346.16 RVU) than the non-RF treatment (311.75 RVU) as well as the 50 0 C RF treatments for 0 and 1 minute (316.94 and 322.39 RVU, respectively). The final viscosity is the parameter for indicating the final characteristics of the product namely the gel or rice paste and it follows that the high final viscosity value of rice exposed to RF heating will be associated with a harder gel in comparison with the untreated rice.
Meanwhile the setback value is indicator of retrogradation property of the cooked starch after the viscous solution is cooled. The present experiment found the setback value of untreated rice to be 129.69 RVU not different from that of RF treated rice at 50 0 C for 0 minute meaning that both untreated rice and RF treated rice for 0 minute has relatively low rate and small extent of retrogradation. The exposure times of 1, 3, and 5 minutes in the 50 0 C treatment, however, resulted in the successive increase in the setback value at statistically significant level. Similarly, rice exposed to RF heating at 55 0 C for 0, 1, 3, and 5 minutes also demonstrated that the setback value generally increased with the increase in exposure time (136.2, 138.32, and 142.72 RVU respectively in the cases of 0, 1, and 3 minutes) but later dropped with the exposure time of 5 minutes which indicates that the gel consistency and retrogradation ability as the high setback value is related to the good tendency for retrogradation (Yang and Tao, 2008) . The high temperature will cause higher peak viscosity value as the result of the starch granular structure to the extent that it susceptible for the volume expansion of starch granules making it more difficult for the starch to get cooked (Lawal 2005; Kaur et al. 2002) . Similarly, the high pasting temperature will indicate that the starch granules are strong and thus inhibiting or retarding the swelling of the viscous solution and making it more difficult for the starch to get cooked; and therefore higher temperature and more time are needed to get it cooked. This can imply that the high temperature of RF induce the change in RF treated rice starch compared to the case of the control and this is in line with the research reports by Wanitchang and Wanitchang (1995) ; Samrerat et al. (2008) ; Wiset et al. (2005) ; Vearasilp et al. (2011); Luechai (2008) . Meanwhile the lower breakdown value means the higher resistance of starch to heat and stirred cooking which reduces the breakdown extent of starch granules (Kraipanond 2007) . Furthermore, the breakdown value indicates the hardness of rice starch and explains the setback property of cooled paste which can be supported by the fact that the cooked rice when left cooled will become harder.
Conclusion
A prototype of RF heating system was developed for the control of rice weevils in milled rice. The experimental results proved that this prototype and the RF technology at the tested scale and capacity can eliminate completely the rice weevils at egg, larva, and pupa stages or with 100% insect mortality while maintaining the physical quality of milled rice in terms of color. The cooking quality of RF treated rice was found to be not different from that of untreated rice. Consequently, the findings from the present endeavor can be applied for enhancing the milled rice market potential as the commodity is free from insect contamination after RF treatment while its quality remains preserved.
